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Enhanced permeation of single-file water molecules across a noncylindrical nanochannel
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We utilize molecular dynamics simulations to study the effect of noncylindrical shapes of a nanochannel
(which are inspired from the shape of real biological water nanochannels) on the permeation of single-file water
molecules across the nanochannel. Compared with the cylindrical shape that has been tremendously adopted
in the literature, the noncylindrical shapes play a crucial role in enhancing water permeation. Remarkably,
the maximal enhancement ratio reaches a value of 6.28 (enhancement behavior). Meanwhile, the enhancement
becomes saturated when the volume of the noncylindrical shape continues to increase (saturation behavior). The
analysis of average diffusivity of water molecules helps to reveal the mechanism underlying the two behaviors
whereas Poiseuille’s law fails to explain them. These results pave a way for designing high-flow nanochannels
and provide insight into water permeation across biological water nanochannels.
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I. INTRODUCTION

The study on the flow of water across nanochannels or
microchannels has many applications, e.g., for understanding
biological activities [1-8], for designing nanodevices or
nanomachines [6,9—11], and even for studying the coalescence
of Pickering emulsion droplets [12]. For example, it was
found that the measured water flow across nanotubes exceeded
values calculated from continuum hydrodynamics models
by more than three orders of magnitude and that water
permeation abilities of these nanotube-based membranes were
several orders of magnitude higher than those of commercial
polycarbonate membranes [13]. As aresult, a lot of energy will
be saved if nanotubes can be used in seawater desalination [14]
or water purification [15,16]. Meanwhile, such nanochannels
have also been used as model systems to explore some
basic behaviors of biological water nanochannels [6,17-21].
The behaviors of water molecules in a carbon nanotube
share some phenomena with those inside biological water
nanochannels, such as the single-file arrangement [22,23],
wavelike density distribution [24,25], wet-dry transition [21],
and gating [17,18].

In practice, the noncylindrical shape of nanochannels is
usually indispensable. Such nanochannels play important
roles in selecting permeation of water or ions [26,27]. For
instance, the Escherichia coli glycerol uptake facilitator is a
noncylindrical channel protein, which transports water, but ex-
cludes charged solutes [26]. Also, the voltage-sensitive sodium
channel has a bell-shaped structure [28]. However, how the
noncylindrical shape of nanochannels affects water permeation
hasrarely been discussed. Itis widely accepted that the external
conditions of the nanochannel system greatly affect the
permeation of water molecules. So, many external conditions
(say, adding external mechanical forces, pressure gradient, or
electric fields or charges) have received much attention in
the field for studying the transportation of water molecules
through nanochannels, while taking the nanochannel shape to
be cylindrical [29-40]. Recently, a new particle separation
mechanism has been reported according to the combined
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action of a driving force and an entropic rectification of the
Brownian fluctuations caused by the asymmetric shape of
the channel [41]. This further encourages us to investigate the
effect of nanochannel shapes on water transportation. Without
loss of generality, following the approximated cone-shaped
water channel between two Pickering emulsion droplets
experimentally studied in our recent work [12], here we
design a cone-shaped nanochannel as a model noncylindrical
nanochannel (see Fig. 1).

II. METHODOLOGY

For our purpose, we resort to molecular dynamics sim-
ulations, which have been widely used for studying water
dynamics in single-walled carbon nanotubes (SWCNTs), in
proteins, and in-between proteins [42—46]. Our simulation
framework is shown in Fig. 1(a): two parallel graphite sheets
with separation 3.480 nm divide the full space into three
parts. There exists a cone-shaped SWCNT between the
two graphite sheets, whose construction details are given
in Fig. 1(b). The cone-shaped SWCNT is made of two
Z-directed, uncapped, (10,0) SWCNTs, each with diameter
0.772 nm and length 1.0 nm, and one nanocone area with
length 1.48 nm. Note the nanocone area actually corresponds
to two nanocones, each with a length of 0.74 nm [see
Fig. 1(b)]. Also, it is worth mentioning that each end of the
cone-shaped SWCNT only allows a single water molecule to
enter or exit, thus yielding the transportation of single-file
water molecules of our interest. The Lennard-Jones (LJ)
potential parameters of carbon atoms come from Ref. [21].
The cone-shaped SWCNT and graphite sheets are solvated
in a water box (4.652 nm x 4.646 nm x 5.580 nm) with 1148
water molecules; between the two graphite sheets, there are
no water molecules outside the cone-shaped SWCNT. The
TiP3P water molecule model is used for simulations [42].
In order to prevent the SWCNT and graphite sheets from
being swept away, all the carbon atoms are frozen at their
original lattices in the simulations. We perform molecular
dynamics simulations with GROMACS 3.3.1, and adopt the
thermostat of Nosé and Hoover [47,48] with a time constant
of 0.5 ps. All simulations are carried out under the NVT
ensemble (constant number of molecules, constant volume,
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FIG. 1. (Color online) (a) A snapshot of the simulation system
with one Z-directed nanochannel (namely, a nanotube-nanocone-
nanotube with the cylindrical-cone-cylindrical shape, which we call
“cone-shaped SWCNT” for simplicity) perpendicularly joining the
centers of two graphite sheets. Atoms are shown in different colors (or
gray scale); (b) the details for constructing the cone-shaped SWCNT.
Note the Z-directed length of the nanocone area between the two
nanotubes is fixed for all 6’s throughout this work. Clearly, a larger
angle of a graphite nanosheet, 6, corresponds to a larger volume
(interior space) of the nanocone area. Incidently, 6 = 0° stands for
the case where the whole SWCNT between the two graphite sheets
has a cylindrical shape.

and constant temperature). Periodic boundary conditions are
applied to all three directions of the simulations box. The
initial atomic velocities are generated by a Maxwellian
distribution at the temperature of 300 K. The time step is set
to be 2 fs, and the total simulation time is 50 ns (the first 5 ns
is used for equilibration and the remaining 45 ns are used for
statistics). The particle-mesh Ewald [49] method is used for
the long-range electrostatic interaction and the cut-off distance
for LJ forces is set to be 1.4 nm.

III. RESULTS

Figure 2(a) shows the average rate of transfer of water
molecules, V¢, flowing across the cone-shaped SWCNT as a
function of 6. The V; is computed by Vy = N(¢)/t, where
t=5ns and N(t) = (1/9) Zgzl Ni(t). Here, Ni(t) is the
number of water molecules transported across the cone-shaped
SWCNT either from right to left or from left to right within
the statistic time t = 5 ns. Clearly, for the total statistical
simulation time of 45 ns, Ny (¢) have nine values. Figure 2(a)
shows V; increases as 6 increases. It is worth noting that
increasing 6 corresponds to an increasing volume of the
nanocone area in the cone-shaped SWCNT. Thus, the water
permeation ability of the cone-shaped SWCNT increases as
the volume of the nanocone area increases. In detail, as shown
in Fig. 2(a), the average rate of transfer of water molecules
across the cone-shaped SWCNT is 0.8 ns~' when 6 = 0°.
As 0 increases, the volume of the nanocone area increases,
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FIG. 2. (Color online) (a) The average rate of transfer of water
molecules, V, flowing across the cone-shaped SWCNT as a function
of 6. Error bars are included. (b) The number of water molecules, N,
flowing across the cone-shaped SWCNT as a function of time when
6 varies from 0° to 240°. (¢) Enhancement ratio versus 6. Here, the
enhancement ratio is just the ratio between N of each 6 and that of
6 = 0° at time 45 ns as displayed in (b). The curves in (a) and (c) are
a guide to the eye.

and the permeation ability of water molecules is enhanced
greatly. When 6 = 240°, the average rate of transfer of water
molecules across the SWCNT increases up to 3.667 ns~!. That
is, the enhancement ratio reaches a value of 4.58. To display the
dynamic behavior behind Fig. 2(a), we plot Fig. 2(b), which
shows the number of water molecules transported across the
SWCNT, Ny, as a function of time (from O to 45 ns) when 6
ranges from 0° to 240°. We notice that N is different for the
five cases, each having a certain 6. Particularly, for 6 = 0°,
water molecules are transported across the SWCNT fitfully.
That is, there is a period of time when no water molecules
are transported across the SWCNT. However, as 6 increases,
the water permeation ability is greatly enhanced. For example,
when 6 = 240°, water molecules are transported across the
SWCNT much more continuously. In other words, water
molecules can be more easily transported across the SWCNT
when 6 increases. Additionally, in order to quantitatively
display the enhancement behavior of Figs. 2(a) and 2(b), we
plot Fig. 2(c), which shows the enhancement ratio as a function
of 6. Evidently, the enhancement ratio increases as 0 increases;
we call this “enhancement behavior.” It should be noted that the
enhancement ratio tends to be saturated as 6 is large enough;
we call this “saturation behavior.”

To understand the results shown in Fig. 2, we first display
the density probability distributions of water molecules in
the cone-shaped SWCNT (see Fig. 3). Because increasing
6 corresponds to an increasing volume (interior space) of
the nanocone area in the cone-shaped SWCNT, more water
molecules can be attracted into the nanocone area for the
case of larger 6. As a result, different density probability
distributions of water molecules begin to appear for different
0’s. For 8 = 0°, the probability distribution of water molecules
is almost uniform (with only small fluctuations) within the
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FIG. 3. (Color online) The density probability distributions of
water molecules inside the cone-shaped SWCNT versus positions, Z,
when 6 changes from 0° to 240°. The area between the two vertical
dashed lines denotes the position of the nanocone area in the SWCNT
with 6 > 0°.

whole range of the SWCNT. However, an evident distribution
peak in the nanocone area comes to appear as 6 > 120°.
Moreover, a larger 0 yields a higher peak. The results shown
in Fig. 3 agree with our intuition. But, why can more water
molecules in the nanocone area enhance the water permeation
ability of the SWCNT? Also, why can the enhancement ratio
be saturated?

To answer the above questions, we need to analyze the
average diffusivity, D, of water molecules within the cone-
shaped SWCNT. Details are as follows.

We calculate D according to both the Einstein expression
for diffusivity and the Green-Kubo formula [50],

| &0 N;
D= — 1 G-DP |,
450;) 6N(t,—t, 5 ijrm it
where #; —t;_; = 0.1 ns denotes the time step within the

whole statistical time 45 ns, thus yielding #; = 0.1 ns and
t450 = 45 ns. Here, r;(;) is the position of the jth water
molecule at t;, and N; is the number of water molecules within
the cone-shaped SWCNT at #;. The three components of D
along the X, Y, and Z axes are denoted by Dy, Dy, and
Dy, respectively [see Fig. 4(a)]. Both Dy and Dy increase
with increasing 6. However, D, increases when 6 < 120°,
but decreases when 6 > 120°. From Fig. 4(b), we observe
that the average number, N, of water molecules within the
cone-shaped SWCNT increases with increasing 6. Because
both Dz and N increase when 8 < 120°, the number of water
molecules across the cone-shaped SWCNT must increase,
thus yielding an enhanced permeation as shown in Fig. 2.
This explains the enhancement behavior. On the other hand,
when 6 > 120°, N still increases in the cone-shaped SWCNT
[see Fig. 4(b)]. However, in this case, D decreases with
increasing 6 [see Fig. 4(a)]. As a result, the flow rate of
water molecules tends to a saturated state [see Fig. 2(a)].
This explains the saturation behavior. In other words, a much
larger volume of the nanocone area may not yield a stronger
enhancement of permeation of water molecules across the
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FIG. 4. (Color online) (a) shows the three components Dy, Dy,
and Dz of the average diffusivity of water molecules within the
nanochannel as a function of 6, along the X, Y, and Z axes,
respectively. The two curves for Dy and Dy are overlapped because
the nanochannel is symmetrical with respect to the X and Y axes.
(b) shows the average number, N, of water molecules within the
cone-shaped SWCNT as a function of 8. The solid lines in both
(a) and (b) are a guide to the eye. Error bars are included in both (a)
and (b); the error bar is smaller than the symbol point for both Dy
and Dy in (a) and for N in (b).

cone-shaped SWCNT. It is worth mentioning that one may
insist on using Poiseuille’s law to intuitively account for both
the enhancement behavior and the saturation behavior. But, the
law holds for continuum hydrodynamics, and it is generally
inappropriate for the present case at the atomic level [13]. In
this case, even though according to the law, the basic idea that
a narrower nanochannel will transmit water more slowly than
a wider nanochannel seems incontrovertible, it can only partly
explain the enhancement behavior instead of the saturation
behavior.

Owing to the above analysis based on Figs. 3 and 4, one
may infer that more nanocone areas in a cone-shaped SWCNT
might help to enhance the water flow up to a higher value.
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FIG. 5. (Color online) The number of water molecules, N,
flowing across the cone-shaped SWCNT as a function of time, for
different numbers of nanocone areas, n.
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Nevertheless, is this true? To answer this question, we attempt
to extend the SWCNT length to 4.580 nm, which is long
enough to include as many as two nanocone areas (namely,
n = 2, where n denotes the number of nanocone areas in a
cone-shaped SWCNT). Figure 5 shows our simulated results
for 6 = 240°. As shown in this figure, 29 water molecules
are transported across the SWCNT for n = 0 (within 45 ns).
Interestingly, 109 water molecules and 182 water molecules
are transported for n = 1 and n = 2, respectively. Clearly,
the enhancement ratio reaches a remarkable value of 6.28.
That is, the permeation ability of water molecules across the
cone-shaped SWCNT is enhanced as n increases. An analysis
similar to the above applies.

IV. DISCUSSION AND CONCLUSION

In summary, compared with the cylindrical shape of
nanochannels (that has been extensively used in the literature),
the noncylindrical shape (as inspired from the shape of
real biological water nanochannels) has an evident effect
on the enhancement of water permeation. Remarkably, the
enhancement ratio for the cone-shaped SWCNT with two
nanocone areas reaches a value of 6.28 (Fig. 5). Also, the
enhancement ratio tends to be saturated as the volume of the
nanocone area is large enough (say, # = 180° and 240° in
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Fig. 2). We attribute these results to the coupling between the
average diffusivity and the average number of water molecules
within the cone-shaped SWCNT along the Z axis whereas
Poiseuille’s law fails to explain them. It should be noted that
if the nanochannels are semiconductors [51], the screening
effect does not affect our results because the electrostatic
interactions of the water molecules inside the nanochannel
remain unchanged. For the same reason, the water permeation
properties across a single-walled nanochannel should be the
same as those across a multiwalled nanochannel. Our findings
may be helpful for designing high-flow nanochannels in
water purification and for providing insights into the role of
biological nanochannel shapes in water permeation.
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